One of the most popular techniques in zebrafish research is microinjection, as it is a 34 rapid and efficient way to genetically manipulate early developing embryos, and to 35 introduce microbes or tracers at larval stages. 36 Here we demonstrate the development of a machine learning software that allows for 37 microinjection at a trained target site in zebrafish eggs at unprecedented speed. The 38 software is based on the open-source deep-learning library Inception v3. 39 In a first step, the software distinguishes wells containing embryos at one-cell stage 40 from wells to be skipped with an accuracy of 93%. A second step was developed to 41 pinpoint the injection site. Deep learning allows to predict this location on average 42 within 42 µm to manually annotated sites. Using a Graphics Processing Unit (GPU), 43 both steps together take less than 100 milliseconds. We first tested our system by 44 injecting a morpholino into the middle of the yolk and found that the automated 45 injection efficiency is as efficient as manual injection (~ 80%). Next, we tested both 46 CRISPR/Cas9 and DNA construct injections into the zygote and obtained a 47 comparable efficiency to that of an experienced experimentalist. Combined with a 48 higher throughput, this results in a higher yield. Hence, the automated injection of 49 CRISPR/Cas9 will allow high-throughput applications to knock out and knock in 50 relevant genes to study their mechanisms or pathways of interest in diverse areas of 51 biomedical research. 52 6 132
Introduction
Microinjection is one of the most powerful techniques used in zebrafish (Danio rerio), 55 as it allows to follow cell fate [1] , evaluate pathogenesis of bacteria [2], produce 3 56 chimeric individuals [3] , study tumour progression [4, 5] , manipulate protein levels [6, 7] 57 and create genetically altered lines [8] . The intrinsic biological properties of zebrafish 58 make it particularly amenable to this technique, since these cyprinids are highly 59 fecund, a spawning pair typically producing more than 400 eggs at a time. Moreover, 60 fertilization is external and spawning is confined to a brief period at dawn (natural or 61 artificial), allowing for timing of the experiments. Furthermore, the chorion of zebrafish 62 eggs is supple and easy to pierce. 63 Classically, injection of tracer dyes is used to identify single cell populations [9, 10] , to 64 follow cell lineages and to build fate maps in zebrafish [1, 11] . The development of 65 molecular methods for the zebrafish model enabled functional studies by manipulating 66 the expression of specific genes. Injection of messenger RNA (mRNA) can be used to 67 overexpress and misexpress a specific protein [12] , while morpholino antisense 68 oligonucleotides (MOs) can be employed to knock down a given target gene [13] . 69 Morpholinos are synthetic oligonucleotides designed to be complementary to a 70 specific RNA target. Typically they target the translation start site blocking translation 71 initiation. Alternatively, MOs can also be designed to mask splicing sites, hindering the 72 proper processing of precursor mRNA. In zebrafish mRNA and MO injections are 73 simply performed by introducing a fine-tipped needle into the yolk of one-cell stage 74 eggs and delivering nanoliter volumes of the injection material into it [14] . As 75 cytoplasmic streaming will move the mRNA or MOs into the cytoplasm, it is not 76 necessary that the injection targets the cell. While injection into the yolk requires some 77 skill, it can usually be learned within a few weeks. Nevertheless, injections of mRNAs 78 and MOs have their drawbacks. First of all, the effect is only transient, i.e. the injected 79 molecules will be degraded and/or diluted with time. Moreover, in the case of mRNA 80 injection, tissue-specific upregulation is not possible and a given mRNA will be 4 81 expressed in all tissues indiscriminately. Also, the specificity of MO antisense 82 technology has recently been questioned. Indeed, MOs can sometimes lead to 83 misleading results, in many cases due to toxicity and off-target effects, but also due to 84 the difficulties in estimating their efficacy and controlling their dosage [15] . In a recent 85 study [16] , loss-of-function mutations for ten different genes previously thought to have 86 an essential role in development failed to recapitulate the corresponding morpholino-87 induced phenotypes. In several cases, the discrepancy between mutant and morphant 88 phenotypes, could be explained by genetic compensation mechanisms that occur in 89 mutants [17] , however, undoubtedly rigorous controls are required to ascertain the 90 reliability of MO-induced phenotypes [15, 18, 19] . 91 In the last years, with the implementation of targeted nuclease techniques in the 92 zebrafish, the demand for genetic evidence to define gene function has greatly 93 increased. Fortunately, after a somewhat slow start using zinc-finger nucleases 94 (ZFNs) [20] and transcription activator-like effector nucleases (TALENs) [21] , the 95 adaptation of the prokaryotic CRISPR/Cas9 (clustered regularly interspaced short 96 palindromic repeats/CRISPR associated protein 9) defence system to engineer 97 genomes [22] has revolutionized reverse genetics in zebrafish. 98 The CRISPR/Cas9 method builds on the type II CRISPR system of the adaptive 99 immunity of certain archaea and bacteria [23] . When infected by a bacteriophage, 100 these prokaryotes respond by integrating fragments of the viral genome into clustered 101 regularly interspaced short palindromic repeat (CRISPR) loci. These loci are 102 subsequently transcribed and processed to CRISPR RNAs (crRNAs The first version of our automated microinjection system featured half-spherical wells, 129 moulded in agarose gel, which allowed for high-throughput microinjection into the yolk 130 of zebrafish eggs. This was used for microinjection of bacteria, morpholinos [32] and 131 cancer cells [33] . The great advantage over other systems was the higher batch size and speed of the injections. As the initial cell division steps in zebrafish embryos occur 133 in intervals of 20-40 minutes, speed is crucial for the accuracy, reproducibility and 134 number of experiments. 135 In our experience, it is apparent that injections into the middle of the yolk are less 136 suitable for DNA injections. Therefore as a first step, the program "click-to-inject" was 137 developed to test the efficiency of injections closer to the first cell [33] . With this, we 138 noticed that we could achieve a great increase in efficiency, similar to manual 139 injections done into the first cell. Therefore, we set out to automate this procedure. 140 In this study we demonstrate the results of autonomous site selection and injection for 141 CRISPR/Cas9 and DNA manipulation of the zebrafish genome. The translation blocking morpholino for slc45a2 (solute carrier family 45 member 2) 174 was obtained from Gene Tools according to Dooley et al., 2012 [36] with the following 175 sequence: 5'-GCTGGTCCTCAGTAAGAAGAGTCAT-3'. In addition, a 3' fluorescein 176 modification was included, which allowed fluorescent differentiation of injected eggs. As a first step we used the Inception v3 network to learn to distinguish between five 263 different categories: "Empty", "No-Cell", "First-Cell", "Two-Cell", "Sick" (this term is 264 used to refer to non-viable eggs). We used a total of 11,000 annotated images. To For the injection point determination, we translated the (x y) coordinates to a vector in 278 a triangular mesh using a barycentric coordinate system. We let the outputs of the 279 neural net correspond to vertices in the mesh. In our case, we used 160 vertices. is highly efficient using morpholino antisense technology ( Fig 1A) . Additionally, the 322 manual injections were performed by two different experimentalists ( Fig 1B) and this 323 shows that efficiency and variation of efficiency obtained by manual morpholino 324 injections differs from person to person and, surprisingly, the variation of the efficiency 325 of the automated injections is slightly larger. Semi-automated "click-to-inject" 337 338 After demonstrating that automated injection into the yolk is an efficient way to 14 339 generate morphants, we sought to apply the robotic injector for generating 340 CRISPR/Cas9 mutants for slc45a2. To investigate the dependence on the injection 341 location we used the "click-to-inject" program [33] to test the efficiency of injections 342 closer to the first cell. In the "click-to-inject" program the injection depth is set, but the 343 (x y) position is chosen by the operator. To inject, the operator moves the mouse 344 pointer to a specific site (e.g. the first cell) and clicks to trigger an injection and a 345 subsequent movement to the next egg. Based on this, next we set out to develop an 346 automated image recognition to more precisely identify the first cell and to automate 347 CRISPR/Cas9 injections.
348
Imaging conditions 349 350 In manual microinjection setups, as well as in standard microscopy, near-perfect we translated the (x y) coordinates to a barycentric coordinate system [43] . The Greek 416 word "barys" means heavy and refers to the centre of gravity. In a barycentric 417 coordinate system a grid of triangles is used, with a weight assigned to each vertex. 418 This is used as follows. A chosen grid of triangles is placed on top of each image. The 17 419 annotated injection position will fall within one triangle; then the weights of these 420 triangle vertices are given a value according to the location within that triangle. These 421 weights sum up to one, whereas the other vertices in the grid are all zero. This vertices 422 output vector then represents the ideal outcome. The advantage is now that a small 423 deviation from this ideal output vector can be scored gradually instead of binary. This 424 then allows for efficient training. A more detailed explanation is available in the 425 supporting information (S1). After eight hours of training we created a table of (x y) 426 coordinates using validation images. We calculated the distance between the 427 annotated injection position and the position as predicted by the deep learning network 428 (Fig 3) . The average distance is 42 µm, as depicted in Fig 3B, and for 83% of the 429 images this distance is smaller than 60 µm. Trial and error in many laboratories have led to a best practice of injecting into the first 438 cell for the application of the CRISPR/Cas9 editing technique. In our robotic 439 microinjection system, injecting in the middle of the yolk gives the highest speed. 440 Image recognition used to customise an injection location takes time but can increase 441 the injection efficiency. To balance efficiency and speed, and to be able to monitor 442 improvements of our image recognition model, we started by measuring efficiency of 443 CRISPR/Cas9 injections performed in the yolk. Both manual and automated yolk 444 injections gave a very low efficiency of 12% ( Fig 4A) . Then, with the "click-to-inject" 445 program, resulting in injections closer to the first cell we could generate albino larvae 18 446 at an almost three times higher efficiency than with the injections in the middle of the 447 yolk ( Fig 4A, Semi-auto) . Next, using deep learning, we could automate this procedure 448 and with this we reached a slightly lower efficiency when comparing it the "click-to- 449 inject" injections but a higher efficiency than the one obtained with automated and 450 manual injections in the middle of the yolk (Fig 4A, Auto) . Still, manual injections into 451 the first cell reached the highest efficiency of 43% (Fig 4A, Manual) . Fig 4B shows The injections with DNA were performed with an identical robotic microinjection 478 system, but at a different laboratory. Here, we used a COPAS (Complex Object   479 Parameter Analyzer and Sorter) system to measure the efficiency of the injections (Fig   480   5A ). For this, we first measured the highest red fluorescence signal of the uninjected 481 control larvae and took the highest signal as a threshold at 5 dpf. Then we measured 482 the DNA-injected larvae and counted the larvae that passed this threshold. The To calculate the microinjection throughput, we divided the average injection time by 505 the average efficiency. This results in the average time needed for one successfully 506 injected larva. We measured and compared the throughput for the different genetic 507 modifications and experimental setups described in this article, i.e. automated and 508 manual injections for gene knockdown by morpholino antisense, gene knockout by 509 CRISPR/Cas9 and transgenesis by Tol2 (Fig 6) . this is much higher than what was obtained by manual injections close to the first cell. 547 These measured and calculated efficiencies can also be used to make a prediction of 548 positive embryos, directly after the injection. 
